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TASK-1, a Two±Pore Domain K1 Channel,
Is Modulated by Multiple
Neurotransmitters in Motoneurons
suggesting the involvement of a ªleakº K1 current. This
latter type of response is prominent in a variety of neu-
rons, from regions as diverse as the cortex and thalamus
(reviewed in McCormick, 1992), hippocampus (Benson
et al., 1988; Brown et al., 1993; Guerineau et al., 1994),
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neurosecretory cells of the hypothalamus (Schrader and
Tasker, 1997), submucosal neurons in the ileum (Shen
and Surprenant, 1993), brainstem monoaminergic neu-Summary
rons (Pan et al., 1994; Li and Guyenet, 1996), and somatic
motoneurons.Inhibition of ªleakº potassium (K1) channels is a wide-
Neurotransmitter-induced enhancement of excitabil-spread CNS mechanism by which transmitters induce
ity is particularly well documented in motoneurons,slow excitation. We show that TASK-1, a two pore
where it often entails simultaneous inhibition of a restingdomain K1 channel, provides a prominent leak K1 cur-
K1 current and activation of a cation conductance (re-rent and target for neurotransmitter modulation in hy-
viewed in Rekling et al., 2000). The I-V relationship ofpoglossal motoneurons (HMs). TASK-1 mRNA is pres-
the K1 current in motoneurons is usually described asent at high levels in motoneurons, including HMs,
being linear over the tested voltage range, qualifying itwhich express a K1 current with pH- and voltage-
as a leak current. Multiple transmitters inhibit motoneu-dependent properties virtually identical to those of the
ronal resting K1 currents, including serotonin (5-HT),cloned channel. This pH-sensitive K1 channel was fully
norepinephrine (NE), substance P (SP), thyrotropin-inhibited by serotonin, norepinephrine, substance P,
releasing hormone (TRH), and glutamate (Rekling, 1990;thyrotropin-releasing hormone, and 3,5-dihydroxy-
Bayliss et al., 1992; Larkman and Kelly, 1992; Fisher andphenylglycine, a group I metabotropic glutamate re-
Nistri, 1993a, 1993b; Fisher et al., 1994; Parkis et al.,ceptor agonist. The neurotransmitter effect was en-
1995; Hsiao et al., 1997; Del and Chandler, 1998; Lark-tirely reconstituted in HEK 293 cells coexpressing
man and Kelly, 1998; Dong and Feldman, 1999).TASK-1 and the TRH-R1 receptor. Given its expression
In spite of the fact that inhibition of resting K1 channelspatterns and the widespread prevalence of this neuro-
by transmitters is so widespread in neurons, very littlemodulatory mechanism, TASK-1 also likely supports
is known about the transduction mechanisms by whichthis action in other CNS neurons.
it operates. Where examined by receptor pharmacology,
it occurs via receptors that typically couple to pertussis
toxin±insensitive G proteins of the aq/11 family (e.g., a1Introduction
adrenergic receptors [Parkis et al., 1995], 5-HT2 sero-
tonergic receptors, [Hsiao et al., 1997], etc.). The mecha-Resting K1 channels are the major determinants of neu-
nism can be perturbed by intracellular dialysis of stableronal membrane potential and input resistance, and their
guanine nucleotide analogs (Aghajanian, 1990; Browninhibition is one of the principal mechanisms by which
et al., 1993; Bayliss et al., 1994a; Guerineau et al., 1994),neurotransmitters modulate neuronal excitability (Nicoll
indicating that inhibition indeed entails GTP hydrolysis.et al., 1990). Blockade of these channels by transmitters
However, the relevant signaling molecules that areinduces membrane depolarization and an increase in
downstream of G protein activation have not been es-the likelihood of action potential discharge. In addition
tablished, and where tested, transduction pathways as-
to this effect, inhibition of resting K1 conductances in-
sociated with Gaq/11 activation (e.g., release of calciumcreases cell input resistance and slows membrane ki-
from intracellular stores, phospholipid hydrolysis, pro-
netics, magnifying responses to both excitatory and in- tein kinase activation) have not been implicated (Agha-
hibitory current inputs and enhancing their temporal janian, 1990; Bayliss et al., 1994a; Pan et al., 1994).
summation. All of these effects contribute to increased Furthermore, identification of these conductances as
neuronal responsiveness to synaptic inputs, and there- voltage independent (i.e., leak) has until recently ren-
fore it is not surprising that in many CNS neurons the dered them somewhat enigmatic, especially given the
transmitters responsible for this action are those typi- absence of a molecular substrate that might support
cally associated with behavioral arousal and wake- such a characteristic.
fulness (Nicoll et al., 1990; McCormick and Bal, 1997). Within the last few years, a new family of resting K1
In some cases where resting K1 channel inhibition channels has been discovered whose members contain
has been found, the voltage dependence of the inhibited two presumptive pore-forming regions (ªP domainsº)
channels is clearly inwardly rectifying (e.g., Shen and along with four presumed transmembrane segments.
North, 1992), implicating involvement of members of the This family of channels has been referred to as KT (for
KIR family of potassium channels (Doupnik et al., 1995). two±pore domain containing K1 channels) in order to
However, in many neurons the current-voltage (I-V) rela- distinguish it from families of voltage-dependent K1
tionship is relatively linear over the voltage range tested, channels (KV) and inwardly rectifying K1 channels (KIR)
(Chavez et al., 1999). Currently, six mammalian members
of this family have been cloned and heterologously ex-* To whom correspondence should be addressed (e-mail: emt3m@
virginia.edu). pressed. They have been named TWIK-1 (Lesage et al.,
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Figure 1. HMs Express TASK-1, a pH-Sensi-
tive K1 Channel, and Are Depolarized in Re-
sponse to Extracellular Acidification
(A) Film autoradiogram of a sagittal rat brain
section hybridized with a [33P]-labeled cRNA
probe specific to TASK-1. Inset, sections
through the cervical (left) and lumbar (right)
spinal cord revealed particularly high labeling
in ventral horn spinal motoneurons (arrow-
heads).
(B) Autoradiograms showed that brainstem
motoneurons, including ambigual (Amb), mo-
tor trigeminal (MoV), facial (VII), vagal (X), and
hypoglossal (XII) motoneurons express high
levels of TASK-1. Labeling also was high in
the locus coeruleus (LC).
(C) Darkfield photomicrograph of an emul-
sion-dipped section showing silver grains
overlaying neurons in the hypoglossal nu-
cleus. Arrow points to neurons that are also
seen in (D), which is a high-power brightfield
image.
(E) DIC image of live HMs in a slice used for
electrophysiological recording. Scale bar in
(E) applies to (C) (250 mm) as well as (D) and
(E) (25 mm).
(F) Whole-cell current-clamp recording of a
neuron exposed to extracellular acidification.
The neuron was held in neutral media (pH 7.3)
at 260 mV via current (1211 pA) injection.
Reduction of the extracellular pH to 6.5 in-
duced a 10±15 mV depolarization and action
potential discharge (action potentials trun-
cated). Near the peak of the response, a re-
turn to the control potential via a reduction
of the command holding current (2d.c., to
105 pA) revealed that the voltage responses
to constant current pulses (2500 pA) were
larger in low pH than in control solution (pH
7.3), indicating that acidification caused an
increase in input resistance.
1996), TWIK-2 (Chavez et al., 1999), TREK-1 (Fink et al., molecular identification of a native neuronal and neuro-
transmitter-modulated leak K1 channel.1996), TASK-1 (Duprat et al., 1997; Kim et al., 1998;
Leonoudakis et al., 1998), TASK-2 (Reyes et al., 1998),
and TRAAK (Fink et al., 1998). With the exception of Results
TASK-2, these channels produce currents that fit the
description of leak inasmuch as they are instantaneous Motoneurons Express High Levels of TASK-1 mRNA
In situ hybridization was performed to determine the CNSand show only mild rectification properties. In the case
of TASK-1 and TRAAK, this rectification can be entirely distribution and relative expression levels of TASK-1.
Brain sections from adult rats (200±300 g, n 5 3) wereaccounted for by the concentration gradient of the (K1)
charge carrier, as predicted by the constant field equa- obtained in the sagittal, horizontal, and coronal plane
and were hybridized with a TASK-1 antisense cRNAtion (the so-called ªGoldman-Hodgkin-Katzº or ªopenº
rectification; Hille, 1992). probe. As shown in the autoradiogram of a sagittal sec-
tion in Figure 1A, TASK-1 was differentially distributedTwo of the two±P domain±containing channels, TASK-1
and TASK-2, are distinguished from other family mem- throughout the CNS. High mRNA levels were found in
cerebellar and olfactory granule cells, in the olfactorybers by virtue of their sensitivity to changes in extracellu-
lar pH. Both are inhibited by acidification and activated tubercles, in scattered neurons through all layers of the
cerebral cortex, in intralaminar thalamic nuclei, pontineby alkalization, though the two channels have different
ranges of pH sensitivity and distinct voltage- and time- nuclei, and in the locus coeruleus (LC). By contrast,
some regions had very low levels of TASK-1 mRNA (e.g.,dependent properties. Here, we show that TASK-1 is
abundant in motoneurons, as assessed by in situ hybrid- the septum and the striatum).
The most densely labeled cells, as assessed by high-ization. Taking advantage of the unique pH- and voltage-
dependent properties of TASK-1, we demonstrate that power microscopy of silver grains from emulsion-dipped
slides, were brainstem and spinal cord motoneurons.this channel contributes to a prominent K1 conductance
that is modulated by all of the aforementioned neuro- These cells are evident in the sagittal section of Figure
1A, which contains the facial nucleus (VII), as well as intransmitters (5-HT, NE, TRH, SP, and glutamate) in
hypoglossal motoneurons (HMs). Thus, we provide a the inset to Figure 1A, which shows transverse sections
Transmitter Modulation of a Two-Pore K1 Channel
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Figure 2. HMs Express a K1 Conductance with a pH Sensitivity Similar to that of TASK-1
(A) Holding current measurements of a representative neuron voltage clamped at 260 mV and subjected to varying hydrogen ion concentrations
(pH 6.2 through pH 8.7).
(B) Averaged data (6 SEM, n 5 9) showing the pH sensitivity of membrane currents in HMs. Inset, the corresponding input conductance
measurements from the same neurons expressed as a percent of membrane conductance at pH 7.3 (control values), which averaged 13.7 6
1.7 nS. For both holding current and conductance measurements, the pH sensitivity was well described by a logistic function (solid lines)
using parameters derived from experiments using HEK 293 cells expressing rat TASK-1 (pK, 7.48; Hill coefficient, 1.2).
(C) Current traces from hyperpolarizing voltage steps (260 to 2130 mV) applied to a hypoglossal neuron subjected to alkalization (pH 8.4)
and acidification (pH 6.5) of the extracellular medium. The instantaneous component of the current response was measured in a window (z10
ms after the onset of the step) after the settling of the capacitive transient and prior to the onset of the time-dependent inward current (Ih)
and is indicated by a filled triangle (pH 8.4) or square (pH 6.5).
(D) The instantaneous current responses of the traces shown in (C) were plotted as a function of membrane potential. The resulting current-
voltage (I-V) relationships reveal a decreased conductance at pH 6.5 and a reversal of the pH-sensitive current near EK.
from the cervical and lumbar regions of the spinal cord. extremely high concentrations of silver grains overlaying
their soma and proximal dendrites. We also found thatAutoradiograms of transverse brainstem sections, shown
in Figure 1B, contain a number of motor nuclei with high mRNA for TASK-1 was evident in brainstem and spinal
cord motoneurons of younger animals (7-day-old rats;levels of TASK-1 mRNA, including facial (VII), hypoglos-
sal (XII), ambigual (Amb), and motor trigeminal (MoV), data not shown), though there may have been slightly
lower densities of silver grains compared to those ofas well as the vagal motor nucleus (X), which contains
autonomic motor neurons. All motor nuclei examined the adult (E. M. T. and D. A. B., unpublished data).
contained high levels of TASK-1 mRNA, and we were
unable to locate neurons within these nuclei that were HMs Are Depolarized in Response
to Extracellular Acidificationnot heavily labeled. A darkfield image of silver grains
over the hypoglossal nucleus from an emulsion-dipped Given that somatic motoneurons express high levels of
TASK-1, we hypothesized that they would respond tosection is shown in Figure 1C, and the indicated neurons
(arrows) are also presented in a higher power brightfield fluctuations in extracellular pH. To test this possibility,
HMs were recorded in a visualized slice preparationimage in Figure 1D. Although it appeared that all HMs
were densely overlaid with silver grains, some neurons (Figure 1E) under current-clamp conditions (Figure 1F).
Acidification of the external bath solution (pH 6.5) causedwere more heavily labeled than others (as is evident in
Figure 1D), suggesting differences in levels of TASK-1 a membrane depolarization, reaching the threshold for
repetitive action potential discharge. The depolarizationexpression among these cells. These differences in ex-
pression were also found in other motoneurons, particu- was associated with an increase in input resistance, as
indicated by the increased magnitude of the voltagelarly those of the spinal cord, some of which contained
Neuron
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Figure 3. Like TASK-1, the pH-Sensitive K1
Current in HMs Shows Open Rectification
(A) Averaged data (6 SEM, n 5 10) showing
the instantaneous I-V relationship (obtained
as described in Figure 2) in HMs in response
to extracellular acidification (pH 6.5) and alka-
lization (pH 8.4).
(B) An HEK 293 cell expressing rat TASK-1 was
subjected to slow depolarizing ramp voltage
commands (starting at 2130 mV) in the same
extracellular solutions as in (A).
(C and D) The data in (A) and (B) were sub-
tracted (pH 8.4 2pH 6.5), revealing that HMs
(C) and TASK-1-expressing HEK 293 cells (D)
contained pH-sensitive currents that each
had a reversal potential very close to that
predicted for K1. In each case, the currents
were well fitted using the Goldman-Hodgkin-
Katz equation (solid lines), indicating an open
rectifier K1 conductance.
responses to hyperpolarizing current pulses when the to extracellular pH changes, with a pK and slope factor
very close to that found for HMs (pK, 7.48 6 0.12; slope,membrane potential was returned to the control level
(2d.c.). All cells studied under current-clamp conditions 1.2 6 0.41, n 5 6). The close match of HMs to rat TASK-1
is demonstrated graphically in Figure 2B, where mem-(n 5 4) responded with a depolarization associated with
increased input resistance, suggesting that the depolar- brane currents and conductances obtained for HMs
were accurately described by overlaying a logistic func-ization was driven at least in part by inhibition of a K1
conductance. Such a response is consistent with their tion (solid lines) using the pK and Hill coefficient derived
from recordings of the cloned channel. It is importantexpression of TASK-1, a K1 channel that is strongly
inhibited by external acidification (Duprat et al., 1997; to emphasize that because of the well-known phenome-
non of pH buffering in slices in vitro, the precise pH atLeonoudakis et al., 1998).
the recorded neurons cannot be known with certainty in
these experiments. However, we attempted to minimizeHMs Express a Current with the pH Sensitivity
of TASK-1 such errors by choosing neurons very close to the sur-
face of the tissue and by using a fast flow (z2±4 ml/min)To characterize the pH-sensitive conductance more
precisely, HMs were recorded in voltage-clamp mode. for the extracellular solution. Under such conditions, it
has been found that deviations in extracellular pH nearNeurons were held at 260 mV in a control extracellular
solution of pH 7.3, in the continuing presence of TTX. the surface of neuronal tissue are relatively minor
(Chesler et al., 1994; Voipio and Ballanyi, 1997). Thus,In all cases (n 5 65), acidification of the external solution
resulted in a net change in holding current in the inward these data indicate that the sensitivity of the HM re-
sponse to changes in external pH is indistinguishabledirection, whereas alkalization induced a corresponding
change in the outward direction. The pH sensitivity of from that of rat TASK-1. Furthermore, they distinguish
the response in HMs from the pH response of TASK-2these currents was determined by titration with solu-
tions of varying pH, ranging from pH 6.2 to pH 8.7. (Reyes et al., 1998), which, though it is quite sensitive
to changes in external pH, has a pK of 8.6 at 250 mV,Figure 2A shows the time course of a representative
experiment. Figure 2B shows averaged holding current clearly much higher than that of either TASK-1 or the
measurements from cells treated under this protocol motoneuronal pH-sensitive current.
(n 5 9), with the corresponding input conductance mea-
surements (shown in the inset to Figure 2B) expressed
The pH-Sensitive Current in HMs Has Voltage-as a percent of control (i.e., input conductance at pH
and Time-Dependent Properties of TASK-17.3). The pH sensitivity of the membrane currents in HMs
To determine the voltage dependence of the pH-sensi-centered around physiological pH, with a pK of 7.37 6
tive conductance in HMs, current-voltage (I-V) relation-0.13 and a Hill coefficient of 0.94 6 0.10.
ships were obtained at the peak of the response toTo compare the pH sensitivity of membrane currents
extracellular acidification (pH 6.5) and alkalization (pHin HMs to that of rat TASK-1, the cloned channel was
8.4). Current traces from a representative cell recordedexpressed in HEK 293 cells and exposed to solutions
under these conditions are shown in Figure 2C. Theover the same pH range. As expected from prior reports
instantaneous component of each of these traces was(Duprat et al., 1997; Leonoudakis et al., 1998), the mem-
brane conductance in these cells was strongly sensitive measured in a time window between the settling of the
Transmitter Modulation of a Two-Pore K1 Channel
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Figure 4. The Response to Serotonin (5-HT)
in HMs Has a pH-Sensitive Component with
the Properties of TASK-1
(A) The effect of 5-HT (5 mM, bath application)
on holding current of HM in control solution
(pH 7.3), in pH 6.5 and pH 8.4. The response
to 5-HT was first reduced and then enhanced
by, respectively, inhibition and activation of
the pH-sensitive K1 conductance.
(B) Averaged data for HMs treated with 5-HT
in control solution and subsequently in pH
6.5 (n 5 4) and/or pH 8.4 (n 5 6). In all cases,
the response to 5-HT was smaller following
acidification and larger following alkalization.
Asterisk indicates statistical significance (p ,
0.05 by paired t-test).
(C) Instantaneous I-V relationships were de-
termined for the neuron shown in (A) at the
time points indicated, before and after 5-HT
treatment in pH 6.5 solution (a and b) and in
pH 8.4 solution (c and d). The currents at each
potential were subtracted to reveal the I-V
relationship of the 5-HT response in the two
solutions.
(D) The I-V relationship of the pH-sensitive
component of the 5-HT response was deter-
mined by subtraction of the two plots in (C). Note that like TASK-1, the pH-sensitive component of the 5-HT response showed mild outward
rectification and reversed very close to the predicted value for EK.
transient capacitive current and the onset of the time- In our characterization of the pH-sensitive K1 conduc-
tance in HMs, the holding potential (-60 mV) was outsidedependent current (z10±15 ms after the onset of the
step); the corresponding I-V relationships of these in- the range of activation of Ih in HMs (Bayliss et al., 1994b),
and I-V measurements were made prior to any substan-stantaneous currents are shown in Figure 2D. Note that
the responses in alkalized solution (pH 8.4) were much tial onset of this current. However, to test for time depen-
dence of the pH-sensitive K1 conductance in HMs inlarger than in acidified solution (pH 6.5), resulting in a
steeper slope of the I-V relationship and indicating a isolation from any potential effects of pH on Ih (Munsch
and Pape, 1999), cells were recorded with the selectivelarger conductance at the higher pH value.
The average of the I-V relationships (6 SEM, n 5 10) Ih antagonist ZD 7288 included in the pipette solution.
In these cells, the hyperpolarization-activated currentof instantaneous currents at the two pH levels in HMs
(pH 8.4 and pH 6.5, Figure 3A) was compared to I-V was reduced to near zero after a few minutes of whole-
cell recording. Subsequent acidification of the externalrelationships obtained from HEK 293 cells expressing
rat TASK-1. Transfected cells were subjected to slow media induced an inward change in the holding current
(-130.2 6 59.5 pA, n 5 7) that was not different fromdepolarizing voltage ramps over the same potential
range as the step commands used for HMs; the resulting that found in cells with no Ih blockade (cf. Figures 2B
and 5F). The averaged steady state I-V relationship ofcurrents from one of these cells are shown in Figure 2B.
The subtracted currents obtained for HMs from the two the pH-sensitive current (determined at the end of 700
ms hyperpolarizing steps) was well fitted by the Gold-different pH values (Figure 3C) show the same mild out-
ward rectification as the digitally subtracted current man-Hodgkin-Katz equation (data not shown), once
again indicating an open rectifier K1 conductance. Fur-shown for TASK-1 (Figure 3D). In both sets of cells,
the reversal potential (z 292 mV) of the pH-sensitive thermore, after Ih blockade, the pH-sensitive conduc-
tance showed no time dependence, insofar as the pH-conductance was very close to that predicted for a pure
K1 conductance. Also, both sets of currents were well induced changes in current were the same magnitude
at the beginning of the hyperpolarizing voltage stepsfitted by the Goldman-Hodgkin-Katz equation (Hille,
1992). The close fit of this function (shown as a solid (after the settling of the whole-cell capacitive current)
as at the end of these steps. The fact that there was noline overlaying the current measurements in Figures 3C
and 3D) indicates that the pH-sensitive currents, both time dependence of the pH-sensitive current is once
again consistent with HM expression of TASK-1 butin HMs and in cells transfected with TASK-1, stem from
an open rectifier K1 conductance. The properties of not TASK-2, since the latter channel displays a time
dependence of activation (Reyes et al., 1998).open rectification and K1 selectivity have been estab-
lished for both rat and human TASK-1 (Duprat et al.,
1997; Leonoudakis et al., 1998); it is clear from the pres-
ent data that the pH-sensitive current in HMs has those 5-HT Causes an Inward Change in Holding Current
in HMs with a pH-Sensitive Componentsame properties.
Like many neurons, HMs express a hyperpolarization- that Has the Properties of TASK-1
As is the case for other CNS neurons, a number ofactivated cation current (Ih) that is evident as a time-
dependent inward current at hyperpolarized potentials. neurotransmitters depolarize HMs in part via an inhibi-
Neuron
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Figure 5. A Variety of Neurotransmitters In-
hibit the pH-Sensitive K1 Conductance in HMs
(A±E) HMs were treated with low pH solution
(pH 6.5) prior to and following development
of neurotransmitter agonist-induced change
in the holding current. The agonists used
were (A) serotonin (5-HT, 5 mM), (B) norepi-
nephrine (NE, 5 mM), (C) substance P (SP, 1
mM), (D) thyrotropin-releasing hormone (TRH,
1±2 mM), and (E) DHPG (a group I mGluR ago-
nist, 10 mM). Note that the pH-sensitive cur-
rent at 260 mV was completely blocked in
each of these cells.
(F) Grouped data (including all agonists) for
the cells treated in (A) through (E). Following
agonist treatment, the acid-induced change
in current (pH 6.5/agonist) was reduced, on
average, to 16% of control values (asterisk,
p , 0.0001 by paired t-test). Also, in 18 of
22 neurons, the agonist-sensitive current was
larger than the corresponding pH-sensitive
current, indicating an additional, pH-insensi-
tive component of the neurotransmitter re-
sponse (single dagger, p , 0.05 by paired
t-test). Inset:mean inhibition of the pH-sensi-
tive current by the different agonists. On aver-
age, inhibition was greater than 75% for SP,
TRH, and DHPG (n 5 3, 6, and 7, respectively)
and close to 100% for 5-HT and NE (n 5 3
for each).
tion of a resting K1 conductance (see the Introduction). The derivation of this relationship for the cell in Figure
We hypothesized that the pH-sensitive K1 channel ex- 4A is shown in Figures 4C and 4D. The subtracted I-V
pressed by these neurons may contribute to this effect curve obtained for the 5-HT response in pH 8.4 had
and tested this possibility using 5-HT. Neurons were a negative slope, indicating that 5-HT caused a large
treated with this transmitter (bath applied) in control decrease in conductance. In contrast, the I-V relation-
conditions (pH 7.3); the magnitude of this response was ship of the 5-HT current in pH 6.5 (i.e., the pH-insensitive
compared to subsequent 5-HT treatment under condi- component of the 5-HT response) was much more shal-
tions designed to fully inhibit (pH 6.5) or activate (pH low and failed to reverse direction at the tested poten-
8.4) the pH-sensitive conductance. Holding current tials (see below). Subtraction of the two curves to obtain
measurements from one such neuron are shown in the pH-sensitive component of 5-HT current (Figure 4D)
Figure 4A. Following inhibition of the pH-sensitive K1 revealed an I-V relationship with properties of the pH-
conductance by extracellular acidification, the 5-HT- sensitive K1 current in HMs and of TASK-1, with a mild
induced change in the holding current was substantially outward rectification and a reversal potential near EK.
smaller. The presence of a residual 5-HT current after Note that the pH-sensitive component was not strictly
blockade of the pH-sensitive K1 conductance is ex- identical to the resting pH-sensitive current, as it re-
pected given that this and other neurotransmitters act versed at a potential slightly hyperpolarized to EK (-97
on multiple conductances in HMs and other motoneu- mV). The source of this discrepancy is not known, but
rons (Rekling et al., 2000). Note, however, that the total it is well established that 5-HT and other neurotransmit-
inward change in the holding current caused by the ters, in addition to inhibition of K1 currents in motor
combined treatment of transmitter and hydrogen ion neurons, have effects on multiple conductances (Rek-
was the same magnitude as the initial 5-HT response, ling et al., 2000), one of which may be sensitive to
indicating partial occlusion of the 5-HT response by
changes in extracellular pH. This issue was not exam-
acidification. The reverse effect was also found. Follow-
ined in further detail.ing activation of the K1 channel via alkalization, the
5-HT-induced current was much larger than in control
Other Neurotransmitters Inhibit the pH-Sensitivesolution, and the magnitude of this increase matched
K1 Conductance in HMsthe size of the current induced by elevated pH. Figure
In addition to examining the pH dependence of the re-4B shows averaged data for all cells treated with 5-HT
sponse to 5-HT, we also determined whether other li-under these varying conditions. In all cases, the magni-
gands could inhibit the pH-sensitive K1 conductancetude of the 5-HT-induced change in holding current was
in HMs, including NE, SP, TRH, and DHPG, a group Ismaller at pH 6.5 (average: 40.4 6 7.1% of control, n 5
metabotropic glutamate receptor (mGluR) agonist. As4) and larger at pH 8.4 (average: 148.6 6 4.3% of control,
can be seen in the individual responses presented inn 5 6) when compared to the 5-HT-current in control
Figures 5A±5E, with each of the five agonists it wasconditions (pH 7.3).
possible to evoke a full inhibition of this conductance,As expected, the I-V relationship of the pH-sensitive
such that no pH-sensitive current was evident duringcomponent of 5-HT current was consistent with the inhi-
bition of a K1 conductance with the properties of TASK-1. agonist treatment. Block of this current was greater than
Transmitter Modulation of a Two-Pore K1 Channel
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50% in 20 of 22 neurons, and there was nearly complete HEK 293 cells revealed that this was indeed the case.
Barium was effective at inhibiting TASK-1 in all cellsinhibition (. 90%) in over two-thirds of the cells tested
(15 of 22). Averaged data for all cells revealed an inhibi- tested (n 5 5); in three cells for which a full concentration
range (0.03±10 mM) was used, the IC50 was 68 6 4.3tion of the pH-sensitive current by 84.0 6 5.6% (Figure
5F). Thus, all five agonists have their excitatory effects mM, with z80% inhibition at 1 mM. These data indicate
that TASK-1 is the likely candidate for the majority ofon HMs in part via action on the same pH-sensitive K1
conductance. the barium-sensitive component of the neurotransmitter
current previously described in HMs and other moto-This convergence of multiple transmitters on the same
K1 channel is consistent with previous reports that 5-HT, neurons.
NE, SP, TRH, and glutamate all inhibit resting K1 cur-
rents in motoneurons through receptor subtypes typi- TRH Inhibits TASK-1 in Cells Cotransfected
cally coupled to G proteins of the same (Gaq/11) family with TRH-R1 Receptor
(i.e., 5-HT2 serotonergic, a1 adrenergic, NK1 tachikinin, Evidence presented so far suggests that TASK-1 in HMs
TRH-R1, and group I mGluRs; Rasmussen and Aghajan- is a site of modulation by a number of neurotransmitter
ian, 1990; Fisher et al., 1994; Parkis et al., 1995; Hsiao receptors that couple to the Gaq/11 class of heterotrimeric
et al., 1997; Dong and Feldman, 1999). Furthermore, G proteins. However, published results from both the
occlusive effects have been found for this response rat and the human orthologs of this channel suggest
using two different transmitters, both in HMs (using NE that TASK-1 is unaffected by treatments that activate
and TRH [Parkis et al., 1995]) and in spinal motoneurons or inhibit signaling pathways commonly associated with
(using SP and TRH [Fisher and Nistri, 1993a]), once again this family of G proteins, including intracellular IP3 injec-
emphasizing that these receptors act at least in part by tion, treatment with phorbol esters, and intracellular cal-
modifying the same conductance. cium buffering (Duprat et al., 1997; Leonoudakis et al.,
1998). To test whether this channel can be modulated
by activation of receptors found in HMs, HEK 293 cellsCharacteristics of the Residual, pH-Insensitive
were cotransfected with TASK-1 and the TRH-R1 recep-Neurotransmitter Current in HMs
tor, a Gaq/11-coupled receptor expressed in hypoglossalAs noted above, the existence of multiple components
and other motoneurons (Zabavnik et al., 1993). An exam-of the neurotransmitter response in motoneurons is well
ple of such a cell is shown in Figures 6A and 6B. Thedocumented (Rekling et al., 2000). Each of the transmit-
conductance of the cell (measured as the slope of rampters tested in the current study is known to inhibit a
currents between 260 and 280 mV) was enhanced byresting K1 conductance that is sensitive to high concen-
extracellular alkalization and subsequently inhibitedtrations of barium (Bayliss et al., 1992; Fisher and Nistri,
by bath application of TRH, such that further inhibition by1993a, 1993b; Dong et al., 1996; Larkman and Kelly,
acidification did not occur. A similar inhibition of TASK-11998) and to induce a smaller barium-insensitive resid-
currents by TRH under more physiological pH conditionsual current that has been ascribed to the activation of
(pH 7.3) is presented in Figure 6C. Averaged data froma sodium-dependent cation conductance (Parkis et al.,
experiments using this protocol (Figure 6D) showed that1995; Hsiao et al., 1997). In the present study, we found
inhibition by TRH was nearly identical in magnitude toevidence for a residual, pH-insensitive component of
that induced by acidification of the extracellular mediathe neurotransmitter response (as shown in Figure 5) in
(69.6 6 3.6% versus 76.0 6 3.2% of control [pH 7.3],at least 18 of 22 cells, insofar as the response to trans-
respectively). Moreover, after inhibiting the channel viamitter was larger than that induced by acidification. The
TRH application, further block by acidification was mini-residual component apparently did not entail the inhibi-
mal (3.4 6 2.4% of control), indicating a nearly completetion of a K1 channel, since there was no further reduction
inhibition of TASK-1 by the transmitter. Thus, the presentin input conductance beyond that caused by acidifica-
data indicate that TASK-1 can indeed be inhibited viation alone. In fact, for all five transmitters, the change
receptors coupled to G proteins of the aq/11 family. Asin input conductance induced by agonist was actually
was the case for the majority of HMs, the inhibitionsmaller than that caused by acidification (214.8 6 2.2%
appeared to entail a complete blockade, insofar as thefor agonist and 225.8 6 1.9% for acidification), in spite
pH-sensitive conductance was no longer detectable.of the larger inward change in holding current induced
by each agonist. In the case of 5-HT, where the transmit-
ter was applied subsequent to inhibition of the K1 cur- Discussion
rent by extracellular acidification (Figure 4), the pH-
insensitive currents failed to reverse polarity for all cells These results provide strong evidence that TASK-1 is
the resting K1 channel modulated by multiple neuro-tested (n 5 4), and for two cells the response entailed
a purely parallel inward shift in the I-V relationship. These transmitters in HMs. In situ hybridization data showed
that this gene is expressed at high levels in motoneu-I-V relationships are entirely consistent with the barium-
insensitive residual neurotransmitter current described rons, including HMs, and whole-cell recordings of HMs
revealed a corresponding K1 conductance with proper-in other studies (e.g., Bayliss et al., 1992; Hsiao et al.,
1997). ties identical to the cloned channel. These properties
include open rectification, a lack of measurable timeThe resemblance of the present results using extracel-
lular acidification to inhibit a K1 conductance with those dependence, and a strong inhibition by extracellular hy-
drogen ions that is half-maximal near physiological pH.from previous experiments using barium to block a simi-
lar conductance suggested that TASK-1 may itself be Occlusion experiments using 5-HT, NE, SP, TRH, and
the mGluR agonist DHPG indicate that this pH-sensitivebarium sensitive. Experiments with TASK-1-transfected
Neuron
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Figure 6. TRH Inhibits TASK-1 in HEK 293
Cells Cotransfected with the TRH-R1 Re-
ceptor
(A) Slope conductance (determined as a lin-
ear fit of ramp currents between 260 and 280
mV) was measured for a TASK-1/TRH-R1-
expressing cell bathed in solutions with varying
pH levels (pH 7.3, 6.5, and 8.4). Following acti-
vation of TASK-1 by alkalization (pH 8.4), TRH
(0.1 mM) acted to fully inhibit the channel,
such that further inhibition by acidification
(pH 6.5) was without effect.
(B) Current traces from the cell shown in (A).
(C and D) TASK-1/TRH-R1-transfected cells
were treated using the same protocol as that
shown for HMs in Figure 5.
(C) The time course of the response of a typi-
cal cell.
(D) Grouped data for cells subjected to extra-
cellular acidification (pH 6.5) prior to and fol-
lowing TRH inhibition of the channel. Asterisk,
pH 6.5 in TRH was significantly smaller than
pH 6.5 prior to TRH treatment (p , 0.0001,
by paired t-test).
K1 conductance is blocked following neurotransmitter changes in the physiological range. However, this
channel has a pK much higher than that found for HMsreceptor activation in HMs. Conversely, prior activation/
(pH 8.6 versus pH 7.4), and furthermore, shows a timeinhibition of the pH-sensitive K1 current resulted in a
dependence of activation as well as strong outwardcorresponding increase or decrease in the response to
rectification. In addition, other than TASK-1 there is onlytransmitters. Finally, the transmitter-induced inhibition
one known channel, TRAAK (Fink et al., 1998), thatwas fully reconstituted in HEK 293 cells expressing
shows the open rectification that is characteristic of theTASK-1 and the TRH-R1 receptor, indicating that the
pH-sensitive K1 conductance in HMs. TRAAK is interest-channel can indeed be modulated via Gaq/11 coupled
ing in the present context because it is found at highreceptors.
levels in the CNS, including the spinal cord ventral horn,It does remain a formal possibility that some other (as
suggesting that it may be expressed in motoneurons.yet unknown) gene accounts for the expression of the
This channel is insensitive to changes in pH, but one ofpH-sensitive K1 conductance in HMs, but such a gene
its distinguishing features is its activation by arachidonicwould have to possess physiological and pharmacologi-
acid (as is also found for TREK-1 (Patel et al., 1998).cal properties that are identical to TASK-1. Furthermore,
However, application of arachidonic acid (150 mM) toif another gene entirely accounts for these currents, the
HMs induced a small inward shift in the holding currenthigh levels of expression that are seen for TASK-1 would
(associated with an increase in conductance), rathersomehow be rendered irrelevant to the K1 conduc-
than the outward shift that would be expected from thetances at the cell membrane. The convergence of these
activation of a K1 channel. Furthermore, this lipid hadtwo possibilities has not been ruled out but is highly
no effect on the transmitter current in HMs (n 5 7, dataunlikely. Though absolute affirmation will no doubt re-
not shown). Thus, it does not appear that TRAAK con-quire genetic or molecular manipulation of channel ex-
tributes to the neurotransmitter-modulated current inpression, these data compellingly identify TASK-1 as a
HMs or even to the resting K1 current in these cells.leak K1 channel targeted for transmitter modulation.
As noted in the Introduction, another source of restingGiven the widespread prevalence of this mechanism in
K1 conductances in neurons is members of the KIR familymany neuronal systems and the expression of TASK-1
of channels (Doupnik et al., 1995). Indeed, one of thesein other neurons (particularly other motoneurons), we
family members, IRK3 (KIR2.3, also known as HIR), hasfully expect TASK-1 to be a component of transmitter-
an external pH sensitivity similar to that found in HMs,inhibited resting K1 conductances in other CNS regions,
with a pK of 7.4 (Coulter et al., 1995). However, thisas well.
channel does not appear to be expressed in motoneu-
rons (Karschin et al., 1996). HMs and other motoneurons
The pH-Sensitive Current in HMs Has do express high levels of IRK2 (KIR2.2 [Karschin et al.,
the Properties of TASK-1 1996]) and IRK4 (KIR2.4 [Topert et al., 1998]), but when
It is important to emphasize that, in addition to its high expressed in HEK 293 cells, we found that these channels
levels of expression in motor neurons, TASK-1 is the were only slightly sensitive to changes in extracellular
only known channel that has pharmacological and phys- pH in the range tested for HMs (Q. L., E. M. T., and
iological properties consistent with the characteristics D. A. B., unpublished data). In any case, all of these KIR
of the pH-sensitive, neurotransmitter-modulated K1 con- family members, IRK2, IRK3, and IRK4, rectify strongly
ductance in HMs. Of the members of the family of two in the inward direction and therefore do not contribute
P domain channels, only one other channel (TASK-2) in any noticeable way to the pH-sensitive K1 conduc-
tance in HMs, which shows open rectification.has shown a strong sensitivity to extracellular pH
Transmitter Modulation of a Two-Pore K1 Channel
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Like the neurotransmitter-modulated K1 conductance HMs these diffusible second messengers have not been
implicated in transmitter inhibition of K1 currents. Appli-in motor neurons (Rekling et al., 2000), IRK2 and IRK4 are
inhibited by moderate-to-high concentrations of barium cation of phorbol dibutyrate, intracellular IP3 infusion,
and chelation of intracellular calcium all failed to block(Topert et al., 1998). Because of this pharmacological
property, and not withstanding their inward rectification, or occlude the neurotransmitter-induced response (Bay-
liss et al., 1994a). Perhaps it is then not surprising thatthese two channels have been suggested as candidates
for neurotransmitter modulation in HMs and other motor TASK-1 is itself insensitive to these same treatments
(Duprat et al., 1997; Leonoudakis et al., 1998). In addi-neurons (Topert et al., 1998). However, as noted in the
Results, we found that TASK-1 also is inhibited by these tion, our experiments have failed to implicate the phos-
pholipase A2 pathway (Axelrod, 1995), as both arachi-same concentrations of barium. Furthermore, we found
that the open rectifying, pH-sensitive K1 conductance donic acid (noted above) and a phospholipase A2
inhibitor (4-bromophenacyl bromide) were also ineffec-in HMs (which has the properties of TASK-1 rather than
IRK2 or IRK4) contributes to the majority of the neuro- tive in perturbing this response (E. M. T. and D. A. B.,
unpublished data). These experiments have certainlytransmitter current in these cells (.60% at 260 mV),
with the remainder of the current having the properties not exhausted all possible downstream products of
Gaq/11 activation, and the fact that they have been nega-of a barium-insensitive current previously attributed to
the activation of a sodium-dependent cation conduc- tive necessitates that they be viewed with caution. Never-
theless, the involvement of an as yet to be discoveredtance (Bayliss et al., 1992; Parkis et al., 1995). Thus,
we find no evidence to implicate IRK2 or IRK4 in the (ªnovelº) signaling pathway remains a possibility.
This situation may be analogous to muscarinic acetyl-neurotransmitter-modulated resting current in HMs.
choline receptor-mediated inhibition of another K1 cur-
rent, the M current, in sympathetic neurons, for whichFunctional Implications of pH Sensitivity
the signaling mechanism has been examined exten-in Motor Neurons
sively but no pathway has been identified (Marrion,pH changes in the CNS have been implicated in a num-
1997). In these cells, muscarinic inhibition of the M cur-ber of physiological and pathophysiological processes,
rent occurs through Gaq/11 (Caulfield et al., 1994) butchief among these being the regulation of breathing and
apparently does not involve the activation of PLC (Cruz-various responses to hypoxia- and ischemia-induced
blanca et al., 1998; Del RõÂo et al., 1999). Recently, hetero-acidosis (Haddad and Jiang, 1993; Nattie, 1995; Kaila
multimers of two K1 channel subunit genes, KCNQ2 andand Ransom, 1998). The fact that motor neurons express
KCNQ3, have been identified as contributing to the Mhigh levels of TASK-1 mRNA, together with our finding
current in sympathetic neurons (Wang et al., 1998). Per-that the excitability of HMs is under the influence of
haps for both types of currents, the M current in sympa-extracellular pH, suggests a role for pH sensitivity of
thetic neurons and the transmitter-inhibited leak currentmotoneurons in vivo. Mixed excitatory and inhibitory
in motor neurons, identification of the relevant K1 chan-effects on respiratory and nonrespiratory motoneurons
nel genes will enable the discovery of signaling mecha-are seen in vivo during systemic hypercapnia, which
nisms by which they are modulated.entails a drop in pH (reviewed in Jodkowski and Lipski,
1986). In vitro intracellular recordings of vagal motor
neurons also showed similar mixed effects in response Experimental Procedures
to pH changes (Cowan and Martin, 1995). In this regard,
In Situ Hybridizationthere are a number of ion channels besides TASK-1 that
In situ hybridization was performed using standard techniques (Ser-are expressed in the CNS and respond to changes in
oogy and Herman, 1997). Brain sections (fresh frozen, 10 mm) fromintracellular and/or extracellular pH (reviewed in Tom-
Sprague-Dawley rats (Hilltop) were thaw mounted on charged slides
baugh and Somjen, 1998; Traynelis, 1998), many of (Fisher Scientific) and pretreated for hybridization as described (Tal-
which could contribute to the variable effects of pH on ley et al., 1999). A 1.4 kb EcoR1±Apa1 (these and other enzymes
other motor neurons. Our current work has not ad- obtained from Promega) fragment including the coding region of
rat TASK-1 (Leonoudakis et al., 1998; provided by A. T. Gray) wasdressed the issue of the integrated response of HMs to
subcloned into pcDNA3 (Invitrogen); the resulting rTASK1-pcDNA3pH changes per se, and the conditions of our in vitro
construct was linearized with HindIII. cRNA probes were transcribedexperiments have precluded analysis of the overall re-
using SP6 RNA polymerase in the presence of a-[33P] UTP (New
sponse that might occur in vivo. Nevertheless, it seems England Nuclear) and used at a final concentration of approximately
reasonable to assume that TASK-1 would have an excit- 50 3 106 cpm/ml. Hybridization buffer consisted of 50% formamide,
atory influence on HMs and other motor neurons during 43 SSC (13 SSC, 150 mM NaCl, 15 mM sodium citrate [pH 7]), 13
Denhardt's (0.02% each of Ficoll, polyvinylpyrrolidone, and bovineacidosis in vivo, regardless of the overall nature of the
serum albumin), 10% dextran sulfate, 100 mM DTT, 250 mg/ml yeastresponse.
tRNA, and 0.5 mg/ml salmon testes DNA. Slides were incubated
overnight at 608C in a chamber humidified with 50% formamide.
Neuromodulation of TASK-1: Signal Following hybridization, sections were dipped twice in 43 SSC
Transduction Pathways and then incubated at 378C in 43 SSC for 30 min. Subsequently,
they were treated with RNase A (Boehringer Mannheim, 0.1 mg/mlAs noted in the Introduction, the signal transduction
in 10 mM Tris, 500 mM NaCl, and 1 mM EDTA [pH 7] for 30 min atpathways by which Gaq/11 coupled receptors inhibit rest-
378C) and then rinsed in 23 SSC (2 3 20 min) and 0.53 SSC (2 3ing K1 channels remain elusive. This class of G proteins
20 min) at 378C. Finally, the slides were subjected to a high-strin-is most commonly associated with activation of phos-
gency wash in 0.13 SSC at 558C for 30 min. With the exception of
pholipase C (PLC) and the consequent production of the final wash, all SSC rinses contained 10 mM sodium thiosulfate.
two effector molecules, diacylglycerol and inositol 1,4,5- Slides were exposed to film (Hyperfilm bMAX, Amersham) for 4 days
and then dipped in liquid emulsion (NTB-2, Kodak, diluted two partstrisphosphate (IP3) (Lee and Rhee, 1995). However, in
Neuron
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emulsion to one part 0.6 M ammonium acetate). They were exposed (z150±200 pA) was injected throughout these recordings in order
to bring the membrane potential to 260 mV under control conditions,for 3 weeks, developed using D-19 developer (Kodak), and lightly
counterstained with cresyl violet. a value close to the in vivo resting membrane potential (e.g.,
Pierrefiche et al., 1997). Voltage was recorded at 10 s intervals,As a control, adjacent sections were hybridized with similar length
probes to different K1 channel genes (KIR2.2 and KIR2.4). In both and input resistance was assessed using injections of square-wave
hyperpolarizing current pulses (2500 pA). For voltage-clamp re-cases, the CNS distribution of the labeling was quite different from
that of TASK-1, indicating specificity of the hybridization reaction cordings, HMs were held at 260 mV in the presence of tetrodotoxin
(TTX [Calbiochem]), and membrane currents were recorded at con-(data not shown). As a further control, sections were hybridized with
a [33P]-labeled antisense oligonucleotide corresponding to nucleo- stant intervals of 10 or 15 s. At these same intervals, input conduc-
tance was determined by measuring the instantaneous componenttides 138±170 of the cloned rat gene (Leonoudakis et al., 1998).
Using this separate probe, the distribution of labeling was identical of current responses to a 250 mV step hyperpolarization. The instan-
taneous component was measured in a time window between theto that obtained with the TASK-1 cRNA probe (data not shown),
once again attesting to the specificity of the TASK-1 localization. settling of the transient capacitive current and the onset of the time-
dependent current (Ih), z10±15 ms after the onset of the step. In
some experiments, current-voltage (I-V) relationships were deter-Electrical Recordings
mined using hyperpolarizing voltage steps (to 2130 mV, in 10 mVFor HM recordings, a visualized slice preparation was used. Trans-
increments) from the holding potential of 260 mV.verse slices from brainstems of neonatal rats (7±14 days postnatal)
For recordings of HEK 293 cells expressing TASK-1, transfectedwere prepared in a manner similar to that described previously
cells were identified by GFP-induced fluorescence. Slow depolariz-(Sirois et al., 1998). Rats were anesthetized with ketamine/xylazine;
ing ramps from 2130 mV to 140 mV (z0.2 V/s) were used to obtainbrainstems were removed following rapid decapitation. Slices (200
I-V relationships; slope conductance was evaluated by linear fits tomm) were cut with a microslicer (DSK 1500E, Dosaka, Japan) in an
currents obtained between 260 and 280 mV. Control cells (i.e.,ice-cold substituted Ringer's solution consisting of (in mM) 260
those transfected with GFP alone) had smaller baseline conduc-sucrose, 3 KCl, 5 MgCl2, 1 CaCl2, 1.25 NaH2PO4, 26 NaHCO3, 10
tances and were insensitive to changes in external pH.glucose, and 1 kynurenic acid. After cutting, slices were incubated
Series resistance (4±15 MV) was compensated by 70%±75% andfor 1 hr at 378C and subsequently at room temperature in a normal
monitored periodically throughout the course of recordings to en-Ringer's solution of 130 NaCl, 3 KCl, 2 MgCl2, 2 CaCl2, 1.25 NaH2PO4,
sure accurate compensation. A liquid junction potential (z10 mV)26 NaHCO3, and 10 glucose. Both substituted and normal Ringer's
was corrected off line. Data are presented as mean 6 SEM. Curvesolutions were bubbled with 95% O2/5% CO2. Slices were visualized
fitting was accomplished using the least squares method. The logis-with infrared differential interference (DIC) optics (Figure 1E), and
tic function used to analyze the range of pH sensitivity in HMs wasHMs were identified by their anatomic location and their characteris-
I (or G) 5 (a 2 c) / (11 (pH / pK)b) 1 c, where I represents holdingtic size and shape (Viana et al., 1990). Neurons close to the surface
current; G, input conductance; a, maximum; c, minimum; b 5 2 (b9 3of the slice were chosen for recording in order to minimize effects
pK) / 0.434, b9 is the Hill coefficient expressed as a function ofof endogenous pH buffering of the extracellular milieu within the
hydrogen ion concentration.slice (Voipio and Kaila, 1993; Chesler et al., 1994).
For recordings of cloned rat TASK-1 channel, HEK 293 cells were
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Note Added in Proof
During the preparation of this manuscript, we learned of a study
showing that cerebellar granule neurons also express a standing
outward current that has properties of TASK-1 and that furthermore
is modulated by acetylcholine. The reference for this work is Millar,
J.A., Baratt, L., Southan, A.P., Page, K.M., Fyffe, R.E.W., Robertson,
B., and Mathie, A. (2000). A functional role for the two-pore domain
K channel, TASK-1, in cerebellar granule neurons. Proc. Natl. Acad.
Sci. USA, in press.
